Context. A precise understanding of the relations between observable X-ray properties of galaxy clusters and cluster mass is a vital part of the application of X-ray galaxy cluster surveys to test cosmological models. An understanding of how these relations evolve with redshift is just emerging from a number of observational data sets. Aims. The current literature provides a diverse and inhomogeneous picture of scaling relation evolution. We attempt to transform these results and the data on recently discovered distant clusters into an updated and consistent framework, and provide an overall view of scaling relation evolution from the combined data sets. Methods. We study in particular the most important scaling relations connecting X-ray luminosity, temperature, and cluster mass (M-T, L X -T, and M-L X ) combining 14 published data sets supplemented with recently published data of distant clusters and new results from follow-up observations of the XMM-Newton Distant Cluster Project (XDCP) that adds new leverage to efficiently constrain the scaling relations at high redshift. Results. We find that the evolution of the mass-temperature relation is consistent with the self-similar evolution prediction, while the evolution of X-ray luminosity for a given temperature and mass for a given X-ray luminosity is slower than predicted by simple self-similar models. Our best fit results for the evolution factor E(z) α are α = −1.04 ± 0.07 for the M-T relation, α = −0.23
Introduction
Galaxy clusters have become important probes for the study of the evolution of the large-scale structure and for the test of cosmological models (e.g. Borgani & Guzzo (2001) , Holder et al. (2001) , Rosati et al. (2002) , Schuecker et al. (2003) , Haiman et al. (2005) , Voit (2005) , Vikhlinin et al. (2009) , Mantz et al. (2009) , Böhringer et al. (2010) ) and provide an interesting laboratory to study galaxy evolution. Nowadays, the application of galaxy cluster surveys to cosmological studies is limited mainly by a lack of understanding of galaxy cluster properties and the precise scaling relations of observables with cluster mass, in particular at higher redshifts.
To date, X-ray observations provide the most reliable and detailed characterization of galaxy clusters and X-ray parameters and are most widely used in cosmological galaxy cluster studies for several reasons: (i) X-ray luminosity is tightly correlated to the cluster mass (Reiprich & Böhringer (2002) , Pratt et al. (2009) ), (ii) bright X-ray emission is only observed for evolved clusters with a deep gravitational potential well, and (iii) the X-ray emission is highly peaked, minimizing projection effects. While great progress has been made in the characterizing clusters in X-rays at low redshifts (Arnaud et al. (2005) , Vikhlinin et al. (2006 Vikhlinin et al. ( , 2009 Pratt et al. (2009) , Mantz et al. (2009) , Böhringer et al. (2010) , Arnaud et al. (2009) ), the understanding of the evolution of the scaling relations towards higher redshifts is less clear. Results are now emerging that provide insight into the redshift range beyond z = 1, but the different available cluster samples provide inconsistent scenarios for the redshift evolution of the scaling relations. Moreover, it is not trivial to compare the different results since they have been partly derived for different cosmologies, for different definitions of the scaling radius, and compared with different schemes of the self-similar scaling laws to quantify the evolutionary trend. Therefore, this work makes an effort to put the different results into a uniform framework and combine the available data to study the evolutionary trend over the widest redshift baseline available.
The data sets used from the literature comprise the work of Andersson et al. (2010) , Pratt et al. (2009) , Mantz et al. (2009 ), Zhang et al. (2008 , Hicks et al. (2008) , Pacaud et al. (2007) , Branchesi et al. (2007) , O'Hara et al. (2007) , Vikhlinin et al. (2006) , Maughan et al. (2006) , Arnaud et al. (2005) , Kotov & Vikhlinin (2005) , and Ettori et al. (2004) and we include the data of an additional 15 clusters from recent publications and the XMM-Newton Distant Cluster Project (XDCP, Fassbender (2008) , Boehringer et al. (2005) ). The latter set of clusters significantly improve the statistics in the redshift range z = 0.8 − 1.4.
The derived evolution results are compared to the findings of hydrodynamical cosmological simulations assuming different heating and cooling scenarios and therefore allow an investigation of the ICM thermal history.
Tighter constraints on the evolution of the X-ray luminosity of clusters for a given mass also allow us to make refined predictions about the number of high redshift clusters to be observed in future X-ray surveys. We illustrate this in the context of the eROSITA mission (Predehl et al. 2010) .
The paper is structured as follows. In Sect. 2, we briefly describe the cluster samples used and the way in which we have transformed these public results into a unified framework. We also outline the theoretical expectations of the scaling relations and an estimate of the selection bias inherent to our combined cluster sample. The local scaling relations and the results on their evolutionary trend with redshift are given in Sect. 3. In Sect. 5.1, these results are compared to the predictions of numerical simulation studies and the implications for the ICM heating scenario are discussed. In Sect. 5.2, we outline the impact of our results on the number of clusters to be detected with eROSITA and Sect. 6, we provide a summary and our conclusions.
Throughout the article, we adopt a ΛCDM cosmology with (Ω Λ , Ω M , H 0 , w) = (0.7, 0.3, 70 km s −1 Mpc −1 , −1).
Data and data analysis

The cluster sample
The evolution of galaxy cluster X-ray scaling relations is investigated by means of a combined cluster sample compiled from a number of recent publications. To enable constraints on the redshift evolution of scaling relations, the clusters were selected to cover a wide redshift range from local systems out to z = 1.46. We attempted to avoid the complications caused by the expected deviation of galaxy groups from the scaling laws for more massive clusters by applying an ICM temperature threshold of T min = 2 keV. Table 1 shows the publications used to compile the combined cluster sample. The acronyms listed there are used throughout the remainder of this paper when referring to the source publications. The derived X-ray properties of clusters included in more than one subsample are compared in Appendix C. For these systems, the results derived with an analysis scheme that is most similar to ours, hence requiring the least corrections are used for the combined sample. Selection biases and the intrinsic scatter in the cluster population about the mean relations ensure that a determination of scaling relation evolution in the redshift range up to z = 0.8 is challenging (see Sect.2.4). Therefore, an extensive sample of high redshift clusters is crucial for this study. For this purpose, in addition to the subsamples listed in Table 1 , high redshift clusters detected in the XDCP (Fassbender 2008) , XMM-LSS (Pierre et al. 2004) , XCS (Romer et al. 2002) surveys, the 2XMM catalogue (Watson et al. 2009 ), and by the South Pole Telescope (SPT) (Andersson10, Foley et al. (2011)) were included in the combined sample. Table A .1 lists the galaxy clusters included in the combined sample consisting of 232 systems, of which 40 are at z > 0.8. The cluster temperature, X-ray luminosity, and mass used in the present analysis are listed in the table. The sample covers a range of cluster masses from about 5·10
13 M ⊙ to 3·10 15 M ⊙ . For the distant cluster sample, cluster masses derived by means of the Y X -M relation were not considered owing to their dependence on the Y X -M scaling relation and its redshift evolution. The z > 0.3-clusters used to place constraints on scaling-relation evolution cover an approximately uniform luminosity range over the entire redshift interval z = 0.3−1.46 (see Appendix B) and by construction, the distant cluster sample shows no strong morphological selection bias.
Scaling theory
Assuming that the evolution of the ICM during cluster formation is governed solely by gravitational processes, clusters are expected to be self-similar objects whose X-ray properties and masses are connected by scaling relations predicted by the selfsimilar model (e.g. Kaiser (1986) ). Since galaxy clusters have no clearly defined natural outer boundary, a fiducial radius within which cluster properties are considered has to be chosen. Scaling theory is used to define this radius in such a way that it describes the same corresponding boundary for clusters of all sizes in the framework of the self-similar cluster structure model. In accordance with the homogeneous spherical collapse model of Gunn & Gott (1972) and detailed N-body simulations (e.g. Navarro et al. (1995) ), the fiducial radius is defined to enclose a spherical region with a mean overdensity of ∆ times the critical density of the Universe ρ crit (z)
While this first-order self-similar model seems to describe the structure of dark matter haloes fairly well, additional gas physics including heating and cooling processes are needed to explain the ICM structure and the resulting X-ray properties. Consequently, the local scaling relations have been found to differ from the self-similar predictions in some cases (see e.g. Pratt09), e.g. the L X -T relation is steeper than expected.
The self-similar model also predicts the evolution of scaling relations with redshift or lookback time. However, there are different schemes for defining the fiducial radius in order to enclose self-similar regions for clusters at different redshifts. One approach based on a spherical top-hat collapse model assumes that a galaxy cluster as it is observed has only recently formed at the given redshift and proposes adopting a redshift-dependent density contrast ∆ z when defining fiducial radii, where ∆ z can be expressed in terms of the density contrast at the virial radius at the cluster redshift Bryan & Norman (1998) give an expression for ∆ vir (z) in a flat ΛCDM-cosmology of
where
The expectation for the M-T, L X -T, and M-L X relation and their evolution with redshift in a model only taking into account gravitational effects is then
where L X is the bolometric luminosity integrated out to the scale radius. This or related definitions of fiducial radii were used in a number of recent publications on scaling relation evolution (e.g. Ettori et al. (2004) and Maughan et al. (2006) ). The second commonly used definition is to measure cluster properties within regions with a redshift-independent value for the density contrast ∆, which was applied e.g. by Pacaud et al. (2007) and Kotov & Vikhlinin (2005) . The expected evolution of scaling relations in this framework is similar to Eqs. 4, 5, and 6, albeit omitting the ∆ z -factors. We are currently unable to decide between the two approaches on the basis of observational data owing to the lack of sufficiently extensive and precise data sets needed to catch the subtle differences between the two models. In a forthcoming paper (Böhringer et al. 2011) , we explore this question by means of numerical simulations, finding that the recent formation approximation is imprecise and that the fixed overdensity approach (not including the ∆ z factors) describes the simulation results more accurately than the formulae including this extra term. For this paper we decided to explore both approaches and find that the differences are negligibly small for our conclusions.
Homogenization scheme
A number of corrections had to be applied to the subsamples in order to correct for the slightly different methods used by the authors. Throughout the cluster samples, we used both means of defining fiducial radii described in the previous section. Within these two schemes, various values of the mean overdensity are used. Most recent studies use a density contrast of 200, 500, or 2 500. The use of r 200 , which approximately corresponds to the virial radius, has the drawback that in many cases the area inside r 200 is not fully covered by the available X-ray data. In many clusters, r 2500 typically corresponds to the most relaxed central part of the cluster and is also used in some publications. The most common definition of the cluster radius that is also used in this work is r 500 (corresponding to either ∆ z = 500 · ∆ vir (z)/∆ vir (z = 0) or a fixed ∆ = 500). A large fraction of the clusters are well-relaxed within this radius, which is often well matched with the cluster region for which X-ray data are available.
A rescaling scheme similar to the one used by Branchesi et al. (2007) was used to correct for the different definitions and values of density contrast. For this rescaling scheme, the cluster density profiles were assumed to follow the isothermal β-model (Cavaliere & Fusco-Femiano 1976) , since for the majority of the clusters included in the combined sample the shape parameters β and r c are known. In the framework of the β-model, the mass enclosed within the radius r is given by
Using Eqs. 7 and 1, the radius corresponding to a density contrast of ∆ z is given by
For the β-model, the fractional luminosity within r is
where S 0 designates the central surface brightness and f tot the total X-ray flux. Using these equations, a simple correction scheme can be applied to the cluster observables. First x 1 = r 1 /r c , the radius in units of r c for which the cluster properties are given is calculated using Equ. 8, where ∆ z is calculated by means of Equ. 2. The radius corresponding to the density contrast to which the cluster properties will be rescaled, x 2 = r 2 /r c , is calculated in the same way. Using Eqs. 7 and 9 we obtain the expressions
The cluster properties are then multiplied by the correction factors obtained by means of Eqs. 10 and 11. Some publications give cluster X-ray luminosities in either the 0.1-2.4 keV or 0.5-2 keV energy band. For the combined cluster sample, bolometric X-ray luminosities, that is cluster luminosities in the 0.01-100 keV-band, are used. The band luminosities were converted to bolometric values by means of the X-ray spectral fitting package XSPEC (Mewe et al. 1985) , assuming a Mekal model with an ICM metallicity of 0.3Z ⊙ .
It has been shown (e.g. Markevitch (1998) , Pratt09) that tighter scaling relations involving X-ray luminosity are obtained by excising the cluster core region. For the combined sample selected in this work, however, the cluster observables for the local sample are given in a way that allows direct comparison to distant clusters for which core excision is not always feasible. Therefore, luminosities in the entire r < r 500 aperture are considered, the emission from central regions is not excluded or replaced by any extrapolated profile to make the results of local samples comparable to the distant cluster studies. In the case of the ICM temperatures, obtaining a homogeneous dataset is less straightforward because in some studies of local clusters only core-excluded temperatures are given. Compiling a combined sample directly from studies of clusters where the core is included and others with core-excluded temperatures can lead to systematic bias. The source of this bias is the diversity of the central ICM temperature profiles that affects the difference between core-included and core-excised temperatures. In most cases, non-CC clusters have a flat central temperature profile but CC clusters with a rather pronounced cool core (CC) have a central temperature is between about one-third and one-half of the surrounding regions (e.g. Peterson et al. (2003) ). The fraction of CC clusters therefore determines the magnitude of the induced bias.
Subsamples with both core-included and core-excised temperatures available allow us to estimate the errors caused by the inhomogeneous measurement schemes. The sample of Pratt09 consists of 31 low redshift clusters and was designed to be morphologically unbiased, hence its relative error introduced by using core-excluded instead of core-included temperatures was found to be 7%. This value was added to the estimated temperature errors for samples with only core-excluded temperatures available (Andersson10, Zhang08, Zhang07, Arnaud05). For the cluster SPT-CL J2106-5844 (Foley et al. 2011) , an emissionweighted core-included temperature of T = 8.5 keV was estimated from the core-excluded temperature of 11.0 keV and the core temperature of 6.5 keV. As outlined above, the importance of correct and homogeneous core exclusion throughout the combined sample depends on the abundance of CC clusters. For local systems, this abundance is found to be 40 −70% (e.g. Hudson et al. (2010) ). No consensus has emerged yet on how this CC fraction evolves with redshift. While Vikhlinin et al. (2009) find a decrease in the CC fraction from ∼ 70% locally to ∼ 15% at z > 0.5, Santos et al. (2008) find that the fraction of CC clusters at high redshift (z ∼ 0.7 − 1.2) is very similar to the local value (with an absence of very strong CCs). In summary, using inhomogeneous temperature measurement schemes throughout the combined sample is believed to bias the evolution results only marginally.
The values of most cluster properties depend on the assumed cosmological model. In all publications used to compile our combined cluster sample, the model of choice is the standard ΛCDM scenario. However, the value assumed for the Hubble constant H 0 = 100h km s −1 Mpc −1 varies slightly from h = 0.7 to h = 0.73 within the list of source publications considered. The effects of this change slightly affect the values of the basic cluster properties. To obtain comparable cluster subsamples, a common h of 0.7 is chosen and the necessary corrections are applied to the subsamples with a different h.
Cluster mass depends on h as
while for the bolometric X-ray luminosities
The cluster properties were rescaled accordingly, e. 
Selection bias estimate
The cluster samples obtained in typical X-ray surveys are not strictly volume-limited but rather, at least approximately, fluxlimited since the limited observation time, and detector area and sensitivity generally only enables the detection of objects brighter than a certain flux limit f min . Various selection biases complicate the analysis of these flux-limited samples and have to be taken into account when determining scaling relations and their evolution with redshift. For a well-controlled, homogeneous survey, the cluster selection function, i.e. the probability of detecting a cluster with given properties taking into account the adopted observation strategy, can be modeled. A realistic selection function enables us to correct for selection effects in a more consistent and exact way than a survey for which only an approximate flux limit is known. An example of the application of this correction strategy can be found in Pacaud et al. (2007) . However, the sample used in our work is highly heterogeneous, including clusters from numerous different surveys. For the majority of these surveys, not all information necessary to reconstruct the survey selection function with high accuracy is available. Therefore, a different strategy has to be applied to obtain at least a realistic estimate of the influence of selection effects for this sample. The approach adopted here consists of simulating a cluster population with as realistic as possible properties and selecting a cluster sample comparable to the observed one from this population. In this situation, in contrast to observed cluster samples, the characteristics of the underlying cluster population are known and the properties of the selected sample can be compared to those of the entire population to estimate selection effects. To probe the selection bias in the local scaling and the evolution of the L X -T relation, a temperature function n T (T, z) was assumed. Since no sufficiently exact measured temperature function was available, n T (T, z) was deduced from the more tightly constrained luminosity function n L (L, z) by multiplying it with the determinant dL/dT and converting X-ray luminosities to temperatures by means of the L 0.1−2.4keV -T relation. This method is only exact for the unrealistic case of no intrinsic scatter about the scaling relation, but provides a sufficiently exact approximation of the cluster temperature function to obtain a rough estimate of the selection bias. We note that for cluster discoveries and the related selection effects the luminosities in the X-ray observatory's detection band rather than the bolometric X-ray luminosities used throughout this work are relevant. Since the majority of combined sample clusters originate from the ROSAT surveys, ROSAT band luminosities (0.1 -2.4 keV observer frame) are used throughout this section. The number of clusters in a given redshift bin is therefore determined by the temperature function and the solid angle covered by the survey.
Cluster luminosities were calculated assuming a nonevolving L 0.1−2.4keV -T relation since this evolution model represents a fair first-order approximation to the observational data. The ROSAT band L 0.1−2.4keV -T relation given in Pratt09,
2.24 10 44 erg s −1 , was used for this purpose. The luminosities were then displaced from the mean relation assuming a log-normal scatter of 0.25 dex (∼ 60%), as suggested by the observed population and consistent with the value found by Pratt09. The chosen description is consistent with observations and seems reasonable when assuming a cluster's mass to be its basic property and taking into account the rather tight correlation between mass and temperature compared to the greater intrinsic scatter in the L X -T relation. As for the observed cluster sample, a temperature threshold of T min = 2 keV was applied to the simulated population. From this simulated cluster population, a flux-limited sample can be extracted including only clusters brighter than the limiting luminosity L min (z) resulting from the flux limit as
where d L is the luminosity distance and K(z, T ) the k-correction quantifying the relation between observer-frame band luminosity and cluster rest-frame band luminosity,
The influence of selection effects on the observed local scaling relations was estimated by means of flux-limited samples selected from the simulated cluster population with limiting fluxes of f min = 3 · 10 −12 erg s
(sample 2), and 1 · 10 −13 erg s −1 cm −2 (sample 3), covering the redshift range used to fit the local relations, i.e. 0 < z < 0.3. These flux limits approximately represent the range of limiting fluxes of the local cluster surveys used in this work. The survey areas were adjusted to provide sample sizes comparable to both each other and the local cluster sample used in this work, i.e. ∼ 100 clusters. The bolometric X-ray luminosities of the cluster population were assumed to follow the input L X -T relation of Equ. 17. We then fitted L X -T relations to the three samples using the BCES(L|T) method (Akritas & Bershady 1996) . Table 2 summarizes the derived relations.
In summary, the characteristics of the selection effects for local scaling-relation fits depend on whether the flux limit of the sample cuts away a significant fraction of the luminosity function. For the faintest of the three samples described above (sample 3), this is not the case, and consequently selection bias is negligible for this sample. Most of the clusters within the z < 0.3 sample used in this work were detected in surveys with relatively high flux limits, making the flux limit and not the applied temperature threshold the limiting factor at the low temperature and luminosity end of the cluster distribution. The bias in the observed sample is therefore expected to be comparable to the f min = 1 · 10 −12 erg s −1 cm −2 and the f min = 3 · 10 −12 erg s −1 cm −2 -sample. As is clearly visible in the L X -T relations fitted to these samples, the resulting bias for this range of flux limits is fairly insensitive to the exact limiting flux. This situation justifies a common bias estimate for the entire local sample used in this work. According to the simulated samples, the measured slope of the local L X -T relation is decreased only slightly by selection bias, whereas the normalization is raised by almost 100%. The selection bias in the measured evolution of the L X -T relation with redshift displays similar trends, i.e. a higher normaliza- 
, and combined sample (blue curve). The bias for the combined sample rescaled to remove the bias in the local relation is plotted in red. The self-similar prediction for the evolution is plotted in grey.
tion caused by selection effects, and is analyzed in greater detail throughout the remainder of this section.
The simulated counterpart of the combined cluster sample used in this work was constructed from an all-sky survey with a flux limit of f min = 3 · 10 −12 erg s −1 cm −2 , representing the cluster samples based on the ROSAT All-Sky Survey (RASS), e.g. the REFLEX (Böhringer et al. 2004) survey. A second sample with a flux limit of f min = 1 · 10 −13 erg s −1 cm −2 and an area of 400 square degrees was added, representing the clusters from ROSAT PSPC-based surveys such as WARPS (Perlman et al. 2002) or the 400sd (Burenin et al. 2007 ) survey. As a third component, a sample with f min = 1 · 10 −14 erg s −1 cm −2 , an area of 80 square degrees and a minimum redshift of z min = 0.8 was added, corresponding to current serendipitous surveys such as XDCP (Fassbender 2008) .
With this simulated sample at hand, the influence of bias on the evolution of the L X -T relation can be estimated. To achieve this, we calculated the logarithmic mean of the bolometric cluster luminosity divided by the luminosity resulting from the bolometric L X -T relation at the cluster temperature in redshift bins. This number quantifies the selection bias, with a value of 1 corresponding to no selection effects. The value of the bias curve in a redshift bin with a width of ∆z and centered on the redshift z is therefore given by
where the subscript "clusters" designates all clusters within [z − The bias curve deduced for the simulated combined sample is indicated with a blue-dashed line in Fig. 1 . However, in the redshift range used to fit "local" scaling relations, 0.05 < z < 0.3, selection effects are already non-negligible, visible in a clear deviation of the bias curve from 1. A value of 1 on the vertical axis, theoretically corresponding to no bias, therefore already includes the bias present in the local sample used to fit the L X -T relation. This effect is redshift-independent because the same L X -T relation is used for clusters at all redshifts to compare their measured luminosity to the expected one. To distinguish the component of the selection bias that may mimic evolution of the L X -T relation, the effects of the local bias have to be taken into account. The local scaling relation bias leads to a division of cluster luminosities by a higher expectation value than the unbiased relation. To determine the evolution bias relative to this higher expectation value and not relative to the underlying cluster population, the bias curve has to be divided by the mean bias in the redshift range that was used to fit the "local" scaling relation. The bias curve was therefore rescaled by a factor of 0.8, corresponding to the red-dashed curve in Fig. 1 . To summarize, the rescaled bias curve shows the additional redshift-dependent bias of the logarithmic mean of the bolometric cluster luminosity divided by the luminosity resulting from the local L X -T relation relative to the already bias-affected local sample.
The bias curves of Fig. 1 have various characteristics that can easily be explained in terms of the underlying cluster sample. The non-rescaled bias is generally greater than 1 because for any flux-limited sample in the presence of scatter more clusters below the mean relation than above it are too faint to be included in the sample. With increasing redshift, the fraction of the cluster population that is excluded for being too faint increases, causing an increase in the fraction of clusters above the mean L X -T relation that have no counterpart below the relation. Hence, for a single flux limit the bias increases with redshift. This trend is visible in the bias curves for the three flux-limited subsamples, f min = 3 · 10 −12 erg s
Up to a certain redshift threshold, the influence of selection bias on the subsamples is negligible because no significant part of the cluster population is excluded from the sample owing to the flux limit. Naturally, the unbiased redshift range increases with the survey sensitivity from about z ∼ 0.05 for the sample with f min = 3 · 10 −12 erg s −1 cm −2 to z ∼ 0.2 for the sample with f min = 1 · 10 −13 erg s −1 cm −2 and z ∼ 0.6 if f min = 1 · 10 −14 erg s −1 cm −2 . Surveys with a high limiting flux display a faster increase in bias with redshift than deeper surveys.
The characteristics of the mean bias curve for the combined cluster sample (blue curve in Fig. 1 ) are affected by the dominant contribution in terms of cluster detections with increasing redshift shifting from the all-sky f min = 3 · 10 −12 erg s −1 cm −2 -survey to the more sensitive but smaller solid-angle serendipitous surveys. The combined bias curve therefore decreases when the contribution from the f min = 1 · 10 −13 erg s −1 cm −2 -survey becomes dominant at about z ∼ 0.15. At z ∼ 0.8, the curve drops again because from there toward higher redshift the contribution of the f min = 1 · 10 −14 erg s −1 cm −2 -surveys dominates. From z = 0.8 toward higher redshift, the bias increases again as outlined above.
The bias in the M-L X relation was not determined independently but based on the results of the L X -T relation. Cluster masses were set according to the local M-T relation (Equ. 16) and the ICM temperatures of the simulated cluster sample outlined before. The logarithmic mean of the cluster masses divided by the masses expected from the M-L X relation (Equ. 18) was then calculated for the simulated sample to obtain a bias curve analogous to the one derived for the L X -T relation. By construction, the bias curves for the M-L X relation show the same features as those for the L X -T relation. However, the bias curve is inverted and the selection effects generally lead to an underestimation of the mean mass for a given luminosity.
The intrinsic scatter in the cluster observables about the mean scaling relations is of great importance to the interpretation of results about scaling relation evolution. While the intrinsic scatter for local clusters is roughly known (see Pratt09), its redshift-dependence has not been well-constrained. Measuring the intrinsic scatter at high redshifts is challenging since in addition to the intrinsic scatter, the observed scatter in the evolution plots of Sect. 3.2 has a number of other causes. First of all, measurement errors naturally have an influence on the observed scatter. Furthermore, increased scatter can also result from a change in the scaling-relation slope with redshift. Finally, selection effects of flux-limited cluster samples may have an influence on the observed scatter.
To estimate this bias in the L X -T relation, we measured the intrinsic scatter of various simulated cluster samples. The simulated cluster population has an intrinsic scatter in luminosity of 0.25 dex (∼ 60%). From this population, flux-limited samples with f min = 1·10 −13 erg s −1 cm −2 and f min = 1·10 −14 erg s
were selected. The intrinsic scatter of the samples was then fitted in redshift bins centered around z = 0.1, 0.3, 0.7, 0.9, 1.1, and 1.3. The results are shown in Fig 2. For all subsamples, the fitting routine generally underestimates the real intrinsic scatter. The fitted scatter for local cluster samples is about 0.22 dex and comparable for the two samples. As more and more luminous clusters are excluded by the flux limit at higher redshifts, the fitted scatter shows a decreasing trend. As expected, the decrease is more rapid with redshift for the f min = 1 · 10 −13 erg s −1 cm −2 -sample than the deeper f min = 1 · 10 −14 erg s −1 cm −2 -sample. For the most distant subsamples at both flux limits (z ∼ 1.3), the estimated scatter is 0.12 and 0.14 dex, respectively, i.e. the selection bias causes the scatter to be underestimated by about 50%.
Results
Local scaling relations
The results for scaling relations fitted to observed cluster samples may differ significantly depending on the fitting scheme used. In this work, we use the BCES fitting method (Akritas & Bershady 1996) that has been widely used in recent studies and correctly accounts for intrinsic scatter about the mean relation and inhomogeneous measurement errors. However, several slightly different variations of this method exist. When choosing one of these alternatives, it is most important to distinguish between a fundamental independent and dependent variable. For the cosmological applications related to the results of this study, cluster mass is the fundamental property, and luminosity and temperature take the role of dependent variables. Therefore for the M-T and M-L X relation, the BCES(T|M) and BCES(L|M) method is used in this work. Owing to the large intrinsic scatter in the M-L X relation, the ICM temperature displays a tighter correlation with cluster mass than the X-ray luminosity. As a consequence, for the L X -T relation the BCES(L|T) scheme is used.
Only clusters with z < 0.3 were considered for the local fit. This redshift threshold was chosen to be large enough to include a sufficiently large number of systems and improve the quality of our statistical analysis but small enough to keep evolution effects to a negligible level. To determine the influence of evolutionary effects, the fits were repeated with a maximum redshift of z = 0.2 instead of z = 0.3. The results derived with this lower redshift threshold are fully consistent with the sample at z < 0.3, that is even though the expected evolution factor is non-negligible at z = 0.3, no obvious evolutionary effects on the scaling fit for the entire local sample are observed. However, the statistical errors increase significantly with redshift because of the smaller sample size. The cluster properties were not rescaled by any assumed evolutionary model before the fit.
The scaling relations derived from the combined local cluster sample are
where L X is the bolometric X-ray luminosity and all properties are considered to be within r 500 . However, for the analysis of scaling relation evolution with redshift, the relations derived by Pratt09 were considered instead of the fitted scaling relations because the former were derived from a more homogeneous sample with well-known selection criteria, that have smaller relative errors. The L X -T relation of Pratt09
is consistent with our result in terms of both slope and normalization. No M-T relation is provided in Pratt09, but a fit to their sample with the BCES(T|M) method yields
which is consistent with our result. Pratt09 provide an L-M instead of an M-L X relation. Fitting the inverse relation to their sample leads to
which differs slightly from our result at the < 2σ level. The local scaling relations derived by means of the different fitting methods and the relations by Pratt09 are shown in Appendix D.
Evolution constraints from the combined cluster sample
The central goal of this work is to obtain a clearer understanding of the redshift evolution of X-ray scaling relations. The figures in this section help us to visualize these evolutionary trends. They show the redshift-dependent distribution of cluster properties divided by the expected value assuming local scaling relations. For the L X -T relation, this means that all cluster luminosities for instance are divided by L z=0 (T ) , that is the luminosities inferred from the local L X -T relation at the measured cluster temperature, and that we plot the quantity L obs L z=0 (T ) as a function of redshift. Plotting the data this way, the properties of the local clusters have an approximately log-normal scatter around 1. A change in the normalization of the scaling relation with redshift translates into similar scatter around a different mean value in the evolution plot, whereas a change in the slope would result in a larger scatter around the mean value. We note, however, that this is not a very suitable test for changes in slope as a greater intrinsic scatter at earlier times also leads to larger scatter in the evolution plot and as outlined in Sect.2.4, selection biases may lead to an underestimation of the scatter of up to 50%. To investigate changes in the slope of high-z scaling laws, relations were fitted to the available z > 0.8-clusters by means of the BCES method. Owing to the small sample size, however, the errors in the resulting relations are too large to allow independent constraints.
The self-similar model of cluster formation predicts the slopes of X-ray scaling relations to be redshift-independent and the normalization to vary in proportion to powers of E(z) in the case of fixed overdensity. To test these predictions, a power-law E(z)
α was fitted to all cluster data points with z > 0.3 for the M-T relation, i.e. the unknown exponent α in
was constrained by fitting M obs M z=0 (T ) versus E(z) in log-log-space. In the redshift range 0.3 < z < 0.6, an estimate of the influence of selection biases on the evolution results is challenging, since, in contrast to the more distant systems, the properties of these systems were obtained from both shallow surveys with a very high influence of selection biases but also deeper recent surveys. Therefore, this redshift range was excluded from the evolution fits for the L X -T and M-L X relation, for which selection biases play a more critical role than for the M-T relation. The excluded redshift range contains 45 sample clusters, while 65 clusters at z > 0.6 are used for the evolution fit. Owing to the large number of luminous clusters from shallow surveys, whose lack of depth introduces the largest bias into the overall sample, an inclusion of this redshift range in the evolution fit would lead to a positive evolution result that does not trace the observed evolution for more distant clusters from deeper surveys. To account for the variations in the number density of clusters with redshift in our sample, i.e. to avoid the result being exclusively determined by the large number of relatively low-redshift clusters with small errors, the data points were weighted by the inverse number of clusters in the corresponding redshift bin (∆z = 0.1). Our evolution results are summarized in Table 3 . 
We first discuss the M-T relation, which is expected among all relations to most closely follow the self-similar predictions. Figure 3 shows the redshift evolution of the M-T relation for the combined cluster sample. The best fit to the data corresponds to a redshift dependence of the normalization proportional to E(z) −1.04±0.07 , which is consistent with the self-similar prediction of E(z) −1 . We note that selection bias is not taken into account in this plot. However, for the the M-T relation this is not as important as for scaling relations including cluster luminosity. An analysis similar to the one shown in Fig. 3 was performed with cluster radii defined with a variable density contrast ∆ z instead of a fixed ∆ at cluster redshift. The results are consistent within the errors with those of Fig. 3, i. e. using the redshift-dependent density contrast does not significantly influence our results about the evolution of the M-T relation. The M-T relation fitted to the z > 0.8-clusters with sufficiently good X-ray data has a slope of M ∝ T 1.59±0.45 , which is fully consistent with the local result. Figure 4 shows the redshift evolution of the L X -T relation for the combined cluster sample. The best-fit relation for the evolution is E(z) −0.23±0.12 , that is there is a slightly negative evolution. This result is clearly inconsistent with the self-similar prediction that the normalization increases with redshift in proportion to E(z) +1 . The evolution result was uncorrected for the estimated selection bias (see Sect.2.4) because this bias estimate relies on a toy model that is only approximately comparable to the real cluster sample. The error budget was instead increased by the estimated bias, i.e.the confidence region was enlarged by the size of the estimated bias (see Fig. 1 ) in the direction of the supposed bias correction. This led to a final evolution result of E(z) −0.23 +0.12 −0.62 . As expected, applying an approximate bias correction based on the rescaled bias curve of Fig. 4 before the fit as a test of the influence of selection biases results in an even more negative evolution result of E(z) −0.65±0.13 . The slope of the L X -T relation fitted to the z > 0.8-clusters with sufficiently accurate X-ray data available is L ∝ T 3.12±0.37 . This result is slightly steeper but still consistent within the errors with the local slope derived by Pratt09. Owing to the small clus- ter sample and the large errors, this result heavily depends on the fitting method used and therefore provides no significant evidence of a steepening of the high redshift L X -T relation. As for the M-T relation, the use of a redshift-dependent density contrast ∆ z instead of a fixed ∆ leads to comparable results with similar scatter about the mean relation. Figure 5 shows the redshift evolution of the M-L X relation for the combined cluster sample. The best-fit relation is E(z) −0.93±0.12 , i.e. negative evolution as predicted by the selfsimilar model. However, our result is significantly less steep than the self-similar prediction of E(z) −7/4 . As for the M-T relation, the estimated selection bias is taken into account in the error budget and leads to the evolution being proportional to ∝ E(z) −0.93 +0.62 −0.12 . This observed evolutionary trend is close to the one expected after combining the results for the evolution of the L X -T and M-T relations, which would be ∝ E(z) −0.90 . Applying an approximate bias correction to test the influence of selection biases as for the L X -T relation results in a slightly less negative evolution fit of E(z) −0.81±0.12 . In Pratt09, a bias-corrected local L X -M relation is provided. Using the in- The slope of the fitted high redshift M-L X relation is M ∝ L 0.70±0.21 , which is consistent with the local result. Using the ∆ zscheme instead of a redshift-independent density contrast again leads to similar results. The observed scatter in cluster properties about the mean relation for the high redshift clusters is consistent with the local scatter in all three relations. The real scatter about the L X -T and M-L X relation for distant clusters may be up to a factor of two larger than the observed result because of the influence of selection biases (see Sect. 2.4). However, owing to conservative error estimates, no constraints on the intrinsic scatter in cluster properties can be placed based on the measured total scatter for the distant cluster sample.
Discussion
Stability of results
The results on scaling relation evolution presented in the previous section were obtained by means of a number of input assumptions and results of preceding studies that have an influence on the obtained results and may introduce additional errors. Throughout the remainder of this section, we briefly discuss the stability of the results under these assumptions. The assumed local scaling relations have a direct influence on the observed evolution. For our analysis in Sect. 3.2, the redshift evolution of scaling relations was determined using the local scaling relations of Pratt09. Using the relations derived for the entire local combined sample (see Sect.3.1) instead of these results does not lead to fundamentally different findings on the evolution coefficient. For the M-T relation, using the relation derived from the combined sample leads to a best-fit evolution of E(z) −1.15±0.06 , which is only slightly different from the result for the Pratt09 relation (E(z) −1.04±0.07 ). Using the L X -T relation fitted to our sample implies an evolution result of E(z) An incomplete or incorrect homogenization scheme applied to the different subsamples naturally influences the evolution results. However, the combined cluster sample provides no hints that this might be a major problem (see Appendix C). Incorrect homogenization would be visible as larger scatter about the mean behavior in the cluster sample or different evolutionary trends for different subsamples. Taking into account selection biases, these significant trends are not observed for the cluster sample (see Sect.4.2).
Our study again highlights the importance of selection biases when investigating scaling relation evolution and the problems inherent to small cluster samples over a limited redshift range. Although the simulated cluster sample used to estimate bias effects in this study is only a rough approximation of the true situation, it reveals the apparent evolutionary trends caused by selection effects, which have been taken into account in the estimated errors. Despite the lack of knowledge about the exact effects of selection bias in a highly inhomogeneous combined cluster sample such as ours, at least a fair estimate of the influence on the evolution results can be given. For both the M-L X and the L X -T relations, a bias correction of the evolution results would render the difference to the self-similar predictions even more significant. Our finding about the inconsistency with the self-similar model can therefore not be attributed to selection effects.
The X-ray properties of the systems within a cluster sample and their evolution with redshift might depend on the cluster selection strategy. While the subsamples of clusters selected by means of the Sunyaev-Zel'dovich effect (SZ) and their optical/infrared (IR) properties are not sufficiently extensive to place independent constraints on scaling relation evolution, the X-ray, SZ,and optical/IR-selected subsamples display no obvious differences in their evolutionary trends.
In recent studies, we note that different definitions of the density contrast ∆ and the resulting cluster radii have been used. However, the choice of either a fixed ∆ at the cluster redshift or a redshift-dependent ∆ z has no significant influence on the determined evolution results.
Comparison to published results
We now briefly discuss previously published results on scaling relation evolution comparing these to our findings: Kotov05: For the M-T relation, their evolution result of ∝ E(z) −0.88±0.23 is consistent with both our results and the selfsimilar expectation. For the L X -T relation, Kotov05 find the normalization to be ∝ (1 + z) 1.8±0.3 , i.e. a positive evolution that is even steeper than self-similar. This trend is easily visible for their sample in Fig. 4 . The seven clusters of the Kotov05 sample cover a redshift range of 0.4 < z < 0.7. Comparing this subsample with the remainder of the combined sample in this redshift range reveals that instead of describing the true evolution, this result can be attributed to selection effects, in addition to both limited sample size and redshift range. We note that the evolution result derived in Kotov05 approximately traces the bias curve for the sample with f min = 1 · 10 −13 erg s −1 cm −2 visible in Fig. 1 . Although no uniform flux limit can be assigned to this archival sample, f min = 1 · 10 −13 erg s −1 cm −2 represents an appropriate estimate of the mean flux limit, i.e. the bias estimate suggests that after correcting for selection effects the observed evolution should be close to zero. Maughan06: Their result for the L X -T evolution is ∝ (1 + z) 0.8±0.4 when using the local relation of Arnaud & Evrard (1999) and ∝ (1 + z) 0.7±0.4 for the Markevitch (1998) relation, i.e. a slightly positive evolution. Using the scaling relation derived by Pratt09 instead removes this evolutionary trend, causing the evolution of the Maughan06 subsample (∝ E(z) −0.34±0.31 ) to be consistent with the results of our study. OHara07: Their result about the evolution of the core-included L X -T relation within r 500 is E(z) 1 (1+z) −1.90 +1.17 −1.11 , i.e. consistent within the errors with our result. Branchesi07: No significant evolution of the L X -T relation in the redshift range 0.3 < z < 1.3 was observed. However, the normalization for this redshift range was found to be about a factor of ∼ 2 higher than suggested by the local relations of Markevitch (1998) and Arnaud & Evrard (1999) . The differences from the results derived in this work can mostly be attributed to the use of a different local scaling relation. Pacaud07: Since a detailed selection function was derived in this work, this analysis provides an important insight into the influence of selection effects. Before correcting for those, their result about the evolution of the L X -T relation is roughly similar to that of Kotov05. Afterwards, they obtain an evolution factor of ∝ E(z) 1 (1 + z) −0.07
−0.55 , i.e. slightly less than self-similar. This result is still marginally inconsistent with ours. We note, however, that a significant part of their sample was not included here because the temperatures were below 2 keV. Ettori04: Their inferred evolution of the L X -T relation varies drastically depending on whether clusters below z < 0.6 are included in the fit. Using the local relation of Markevitch (1998) , they find the evolution to be ∝ (1 + z) 0.62±0.28 for the entire sample and ∝ (1+z) 0.04±0.33 if only clusters with z > 0.6 are considered. Using the relation of Pratt09 leads to results consistent with those from the entire combined sample at least for the z > 0.6-clusters (∝ E(z) −0.60±0.19 ). The marked difference between the clusters at z < 0.6 and the more distant systems can probably be attributed to selection effects, that is to the fact that the low-z sample consisting mostly of archival clusters detected in relatively shallow observations, as discussed above for the results of Kotov05, in accordance with which Ettori04 find the M-T evolution to be consistent with the self-similar prediction. Vikhlinin et al. (2009) There is again good agreement within the large error bars. Taking the mean trends of both relations, we find a difference in the evolution parameter of ∼ 5% at redshift z = 0.8 and ∼ 10% at z = 1.5. Therefore, the difference between the two relations is smaller than can be detected with any current data set. Leauthaud et al. (2010) : In their study, the M 200 -L X relation for 206 X-ray-selected galaxy groups from the COSMOS survey is determined in the redshift range 0.22 < z < 0.9 by means of stacked weak-lensing mass estimates. The derived evolution of ∝ E(z) −1.77±0.9 is consistent with our result.
In summary, the present study provides a clearer picture of the scaling-relation evolution in three aspects. The first is that the use of the very early results by Markevitch (1998) and Arnaud & Evrard (1999) as a local reference of the scaling relations introduces a positive evolutionary trend as already shown in Branchesi07. Using more recent results with higher quality statistics, and in particular the use of the weakly biased (not fluxlimited) REXCESS sample results by Pratt09 removes most of this trend. The second aspect is that the overview of a larger set of cluster samples with different biases leads to the identification of bias effects from high flux-limits. Thirdly, the extension of the redshift range to newly detected high-redshift clusters increases the leverage for the evaluation of evolutionary effects.
Implications of results
Implications for the thermal history of the ICM
The observed modification of the evolution of scaling relations with respect to the self-similar model is caused by changes in the thermodynamical state of the ICM. Therefore, different evolutionary trends are the signature of different histories of heating and cooling processes in the clusters. Comparing observational results with the predictions made by hydrodynamical cosmological simulations permits us to assess whether the heating scheme implemented in the simulations is realistic. A variety of existing simulations taking into account different sources of heating and assumptions on the time evolution of non-gravitational heating and cooling allow a constraint of the most realistic heating scheme. Previous attempts these comparison analyses were complicated by the inconsistent observational results about scaling relation evolution. Owing to updated local scaling relations based on morphologically unbiased cluster samples and the availabil-ity of a larger cluster sample over a wider redshift range, evolution constraints derived from the combined cluster sample used in this work permit a meaningful comparison. The simulations considered on that account are the Millennium Gas Simulations (MGS, Stanek et al. (2010) , Short et al. (2010) ), a series of hydrodynamical resimulations of the original dark-matter-only Millennium simulations (Springel et al. 2005) . The MGS runs incorporate a (500h −1 Mpc) 3 -volume with the same initial conditions and cosmological model as the original Millennium run, but include an equal number of gas particles in addition to the 5 · 10 8 dark matter particles. The MGS consist of three simulation runs with different implementations of heating schemes:
GO run: This simulation does not include any additional nongravitational heating sources. As a consequence, it mostly reproduces the self-similar model expectations but drastically fails to reproduce the observed local galaxy cluster X-ray scaling relations, hence is not considered in the comparison analysis. PC run: This run employs a simplistic preheating model, raising the entropy of the gas particles to 200 keV cm 2 at z = 4. In addition to preheating, radiative cooling according to the cooling function of Sutherland & Dopita (1993) is implemented. FO run: The third simulation run includes no radiative cooling but incorporates a model of the energy input by supernova and AGN feedback computed by means of a semi-analytic model of galaxy formation, i.e. a gradual injection of energy into the surrounding ICM gas.
The PC and FO runs represent two opposing heating schemes, one assuming an early preheating of the gas before its accretion onto the cluster, the other incorporating nongravitational heating as a relatively recent and ongoing process. Both runs are able to reproduce the observed local scaling relations, i.e. they predict the correct properties of the ICM for low-redshift clusters. However, owing to the contrasting heating schemes, the two models make opposing predictions about the thermal evolution of the ICM with redshift. Table 4 gives an overview of the MGS evolution results fitted in the redshift range 0 < z < 1.5. Table 4 . Results on the redshift evolution of X-ray scaling relations from the Millennium Gas Simulations (Short et al. 2010) .
GO run redshift evolution
Depending on the selection criteria of the cluster sample, the adopted fitting scheme, and since the fitted slope and normalization of scaling relations are not independent of each other, the measured normalization of local scaling relations differs by up to a factor of two (see e.g. the results of Arnaud et al. (2005) (2009)). Therefore, instead of directly comparing the redshift-dependent normalization derived from the MGS to the results of this work, we do not take into account the different local normalizations but only the evolution with respect to the local values. Fig. 6 , 7, and 8 show the redshift evolution of the normalization of the M-T, L-T, and M-L X relations with respect to its local value for both the MGS PC and FO runs and the observational results deduced in this work. We note that in contrast to this work, Short et al. (2010) assumed the self-similar evolution model and then fitted the observed difference from this model as powers of (1 + z).
It is clearly visible that the FO simulation provides no good description of the observed evolution for all three relations. In contrast, the PC run shows good agreement with the observations. For the M-T and M-L X relations, the PC results are fully consistent with ours within the errors. The prediction for the L X - T relation shows slight deviations from our result at the 2σ level for z 1.2. This difference can partly be attributed to the different functional form assumed for the evolution fit in Short et al. (2010) . Care has to be taken when interpreting the constraints on the ICM thermal history deduced from this finding because none of the MGS runs provide a complete model of the necessary ICM heating and cooling processes. As an example, the PC run does not include ongoing heating, which is known to be of crucial importance to balance the cooling in cluster cores. Such an addition of mild ongoing feedback to the model is likely to bring the predicted evolution for the L X -T relation in even closer agreement with the observed trend (see Fig. 7 ). Nevertheless, the observed evolution of X-ray scaling relations provides strong evidence of the preheating scenario. A further refinement of the simulations, e.g. the combination of preheating with mild ongoing feedback, is desirable to permit more detailed comparisons between the observed and the simulated evolutions.
Implications for the eROSITA cluster survey
eROSITA is the main instrument on the Spektrum-Röntgen-Gamma mission scheduled for launch in 2012 and will carry out a new all-sky X-ray survey in the energy range from 0.1 to 10 keV (see Predehl et al. (2010) and Predehl et al. (2007) ). One of the main science goals of the project is to provide a sample of ∼ 100 000 X-ray selected galaxy clusters. A cluster catalogue of this size is necessary to test cosmological models to higher accuracy and place reliable constraints on cosmological parameters such as the dark energy equation of state (Haiman et al. 2005) .
The achievable accuracy of the parameter constraints derived from the eROSITA all-sky survey depends on the number of cluster detections and the knowledge of X-ray scaling relations up to high redshift. Whether a cluster can be detected by eROSITA is mainly determined by the cluster's soft band X-ray luminosity and its distance. Since the mean cluster luminosity at a given redshift depends on the evolution of X-ray scaling relations, the results of this work have a direct influence on the expected number of eROSITA clusters to be detected at high redshift and therefore on the expected cosmological constraining power of the mission.
The expected redshift distribution and total number of eROSITA clusters was recalculated by means of the cluster counter presented in chapter 8 of Mühlegger (2010) . The cluster counter provides an estimate of the number of eROSITA cluster detections based on various simplifying assumptions. The assumed criterion for a cluster detection is whether the number of photons detected from the observed system exceeds the count limit c lim . Until now, the eROSITA count limit has not been known in detail owing to its dependence on as of now unspecified instrumental parameters such as the eROSITA point spread function, and furthermore its significant dependence on the total X-ray background, which varies with sky position, exposure time and other conditions. A constant detection count limit of c lim = 100 is currently used as a conservative estimate.
The number of clusters in each redshift and luminosity bin was set according to the luminosity function used in Sect. 2.4. This luminosity function is based on a cluster mass function resulting from a cosmological model consistent with the sevenyear WMAP results (Komatsu et al. 2010) and was converted into a luminosity function by means of the L-M relation and the evolution results of Sect. 3.2. Further necessary input data for the cluster counter are an all-sky exposure map for the special geometry of the eROSITA survey and an all-sky map of Galactic neutral hydrogen. The ICM temperature was set according to the (ROSAT band) L X -T relation of Pratt09 and the observed evolution of Sect. 3.2.
Thereafter, the eROSITA count rate at each position in the sky, cluster luminosity, and redshift is calculated by means of XSPEC, assuming an absorbed Mekal model with the parameters z, L X , T, and n H . The count rate is then converted into a number of detected photons by multiplying it with the exposure value at the respective sky position. If the number of detected photons for a given set of parameters exceeds c lim , the number of clusters determined by the luminosity function for the given redshift and luminosity is added to the cluster number in the current redshift bin and sky position. The resulting redshift distribution and total number of detected clusters is presented in the following section for three L X -T evolution models: The self-similar model, i.e. positive evolution, the no-evolution scenario assumed in Mühlegger (2010) , and the slightly negative evolution found in this work. Table 5 shows the total number of expected cluster detections with eROSITA under the assumption of a count limit c lim = 100. In addition to the all-sky expectations, the number of "extragalactic" detections refers to clusters with Galactic latitude |b| > 20
• . The total number of achievable cluster detections is expected to be closer to this last number, since the high column density of the absorbing Galactic interstellar medium and high density of other X-ray and stellar sources in the Galactic plane make cluster detections in this area challenging. For the extragalactic area, the number of expected clusters with z > 0.8, 1, 1.2, 1.4, and 1.6 is also listed. As can be seen in Fig. 9 , which shows the number of cluster detections with redshift within the redshift interval [z − 0.005; z + 0.005] and Fig. 10 , the achievable number of cluster detections with redshift > z, a change in the assumed evolution model has a significant influence on the number of eROSITA cluster detections. However, the total number of clusters that should be detected is hardly affected because the majority of the eROSITA clusters are expected to be discovered at low redshifts, where the scaling relation evolution is of little importance. As an example, the total number of clusters for the extragalactic area is decreased by ∼ 5% when changing from the previously as- Table 5 . Number of expected cluster detections with eROSITA assuming self-similar, no, or slightly negative evolution of the L X -T relation. The rows labeled "extragalactic" refer to a Galactic latitude |b| > 20
• . A count limit of c lim = 100 was assumed. • ). Black: Self-similar L X -T evolution (∝ E(z) +1 ). Green: No L X -T evolution. Red: Best fit L X -T evolution sumed no-evolution scenario to the negative evolution found in this work.
The situation is clearly different for distant cluster detections. Owing to the smaller number of luminous high-redshift clusters in the negative evolution scenario, the number of expected detections is smaller by ∼ 18% at z = 0.8 and by ∼ 28% at z = 1.2 relative to the no-evolution scenario. However, even with these corrected cluster expectations, eROSITA is still likely to increase the sample of known z > 0.8-clusters by about a factor of 50 from present numbers.
Summary and conclusions
The main goal of this study has been to to investigate the redshift evolution of galaxy cluster X-ray scaling relations by means of a combined cluster sample. To this end, a cluster sample was compiled from both recent publications and newly discovered clusters provided by the XMM-Newton Distant Cluster Project (XDCP). Our gathered sample of recently discovered distant clusters has allowed tighter constraints to be made on scaling relation evolution than possible in previous studies. The definition of cluster observables slightly differs between the individual publications used to compile the combined cluster sample. A homogenization scheme that accounts for these different analysis schemes was therefore applied to the subsamples. In detail, the definition of cluster radii, either relying on a fixed density contrast ∆ at the cluster redshift or a redshift-dependent average overdensity ∆ z and the different values for the density contrast were corrected for. Furthermore, the applied corrections take into account the slight differences in the assumed cosmological parameters, in the energy band for which L X is given.
On the basis of data for clusters at z < 0.3 included in the combined sample, local M-T, L X -T, and M-L-relations were fitted. The derived relations generally agree well with the published results of Pratt09 and show deviations from the selfsimilar model similar to those found in earlier studies, e.g. a steeper L X -T relation.
Typical X-ray selected cluster samples can be approximated to be flux-limited. Various selection biases complicate the analysis of these flux-limited samples and are important to the interpretation of results on scaling relations and their evolution. The bias inherent to the sample used in this work was estimated by means of comparable cluster samples selected from a simulated cluster population. In detail, selection biases were found to raise the measured normalization of the local L X -T relation and decrease the apparent scatter about the mean relation for high-z clusters. For the L X -T relation, the bias appears to generate a positive evolution, whereas for the M-L X relation it generates the opposite.
The redshift evolution of X-ray scaling relations was investigated in the redshift range 0 < z < 1.46. Throughout this redshift range, no significant variation in the slope of the relations was found. The normalization, however, evolves with redshift for all three examined relations. For the M-T relation, the measured evolution is ∝ E(z) −0.12 ), however, differ significantly from the model predictions. As for the local relations, these deviations indicate that the influence of non-gravitational ICM heating and cooling is not negligible. The inconsistent results of recent studies have been found to be caused by limited sample sizes and redshift ranges in combination with selection biases and to a lesser degree by the use of different local relations.
On the basis of our results and the local scaling of Pratt09 and assuming that h = 0.70, the M-T, L-T, and M-L X relations for cluster properties within r 500 have the explicit form This work once again highlights the importance of selection biases to scaling relation studies. For distant cluster mass estimates based on the bolometric X-ray luminosity L X , we recommend using Equ. 26, which is based on the bias-corrected local relation of Pratt09 and includes a correction for the estimated selection bias on the observed evolution, given by To provide tighter constraints on scaling-relation evolution and improve the mass estimate of Equ. 26 in the future, a more homogeneous, extensive distant cluster sample with a precisely known selection function is necessary. Such a sample would allow a more precise bias estimate and correction to be made than possible for the sample used in this study.
Comparing the observed evolution with predictions made by the Millennium Gas Simulations has allowed us to discriminate between different proposed scenarios and attempt a physical interpretation of the thermodynamic history of the ICM. The comparison analysis strongly suggests an early preheating, i.e. an entropy increase for the gas particles before the infall of the ICM gas into the cluster potential well.
The expected number of cluster detections for the upcoming eROSITA survey was recalculated taking into account the results of this work. In general, the total number of achievable detections is slightly lower than assumed before, while the number of high redshift clusters to be detected shows a significant decrease.
Future more detailed studies of the redshift evolution of Xray scaling relations will be important to more tightly constrain the early thermodynamic history of the ICM and provide calibrated mass-observable relations for upcoming large cluster surveys and their cosmological applications.
Ulmer, M. P., Adami, C., Lima Neto, G. B., et al. 2009 , Astronomy & Astrophysics, 503, 399 Vikhlinin, A., Burenin, R. A., Ebeling, H., et al. 2009 , Astrophys. J., 692, 1033 Vikhlinin, A., Kravtsov, A., Forman, W., et al. 2006 Appendix B: L-z distribution of the cluster sample Several of the clusters in our combined sample are included in more than one source publication, either relying on completely independent measurement data or using the same X-ray data reanalyzed according to the strategy that was chosen by the different authors. These measurements of cluster observables can be compared to each other after correcting for different analysis schemes and provide a useful tool to test the applied homogenization scheme. Furthermore, the comparison analysis gives an estimate of whether the error budget assumed in the different publications is realistic and reveals systematic differences between the results derived by the various studies. of the individual measured values from the mean value in units of σ, and the error estimated in the individual publications. Note that the true values of the cluster observables are unknown. The comparison to the mean value therefore does not allow any statements about the reliability of the results derived in the different studies. Figure C .2 instead provides an insight into the systematic differences between the results of different studies and whether the assumed error estimates are realistic. The derived spectroscopic temperatures agree well for most of the clusters. As visible in the bottom panel of Fig. C.2 , the majority of the measured values deviate less than 1σ from the mean value. In detail, 59% of the measurements lie within 1σ and 82% within 2σ of the mean. Only 5% of the results deviate by more than 5σ. This indicates that the spectral fitting method generally leads to secure and consistent results, that the probability of severe misestimations is low, and that the assumed error budgets are likely to be realistic. Differences may result from different spectral extraction regions or different treatments of parameters, such as the ICM metallicity or the background subtraction process. However, these different measurement schemes do not lead to completely incomparable data sets. The temperature differences between the subsamples are rather uncorrelated and reveal no systematic trends between different studies. We note that for the samples of Zhang07, Zhang08, and Arnaud05 only core-excised temperatures were available. However, comparing those to the core-included temperatures given in other studies (e.g. Mantz09), the observed differences remain small. For the X-ray luminosity L X , the situation is clearly different. As visible in the middle panel of Fig. C.1 , most of the derived luminosities do not agree within the errors. Furthermore, the differences between the results of some studies clearly show systematic trends. In terms of the deviations from the mean value, only 19% of the values lie within 1σ and 29% within 2σ, while 39% of the measurements show deviations of more than 5σ. The different samples exhibit systematic differences when compared to each other, especially for the Mantz09-Zhang08 overlap but to a lesser degree also for the common clusters of Zhang08 and OHara07. The reason for these deviations remains unclear since all known systematic differences, such as the definition of cluster radii and the different energy bands used, were corrected for. These deviations therefore imply that there are additional systematic differences between the samples. However, for the central goal of this work, constraining the redshift evolution of scaling relations, this open question is of negligible importance because systematic differences mostly occur for low-redshift samples and the choice of sample from which multiply analyzed clusters are taken has no significant influence on the evolution results. In addition to systematic trends, even for samples that show no trends at all, the differences between the results considerably exceed the estimated errors. This indicates that the error estimations made by the different studies are too optimistic or that there are additional sources of measurement errors not included in the error budget.
Similar but less significant systematic trends are also visible when comparing the results for cluster masses. As visible in the top panel of Fig. C.2 , 51% of the results deviate by less than 1σ from the mean value, while 89% lie within 2σ and no measurement shows deviations of more than 5σ. However, apart from these systematic trends the estimated errors for cluster mass seem realistic as most measurements deviate by less than 1σ from the mean. The masses derived in Pratt09 based on the Y Xparameter and the Y X -M relation show no significant systematic difference from the hydrostatic mass estimates. However, owing to the small overlap sample of five clusters, the comparison analysis provides no suitable tool to identify these differences.
In Fig. C .3, the derived cluster properties of the z > 0.3 overlap sample are compared. The typical observational errors for distant systems are larger, although within these errors the results are in closer agreement than for the local overlap sample.
The deviations from the mean temperature plotted in the bottom panel of Fig. C.4 lie below the estimated errors for most systems. In detail, 72% of the results deviate by less than 1σ and 90% by less than 2σ from the mean value, while no deviations of more than 5σ occur. As for the low-redshift clusters, the measured temperatures show no systematic trends for single subsamples, i.e. the spectroscopic fitting procedure also seems reliable for distant clusters and there appears to be no major systematic effects that have to be corrected. Furthermore, according to the mostly small deviations in units of the assumed error, the estimated error budget is likely to be realistic.
Luminosities agree on average more strongly for the highz clusters than for the local sample, for instance the Ettori04 and OHara07 results are consistent for 12 of the 18 clusters in common (see middle panel of Fig. C.3) . In contrast to the local overlap sample, no significant systematic trends between the different studies are visible. The deviations from the mean value plotted in the middle panel of Fig. C .4 are smaller than 1σ for 53% of the results and below 2σ for 62% of the measurements. We have found that 12% of the results deviate by more than 5σ. The distribution of deviations implies that the error budget might have been previously underestimated by the different studies, although by no means as significantly as for the local systems.
The masses derived by Ettori04, Maughan06, and Kotov05 plotted in the top panel of Fig. C.3 are consistent within the errors for all shared clusters, all results deviate by less then 1σ from the mean value. The estimated errors are therefore likely realistic. However, the small size of the overlap sample of only four clusters does not allow us to peform a robust analysis of the systematic differences between the different studies.
Appendix D: Local scaling relations for the combined cluster sample Fig. D.1, D.2, and D.3 show the z < 0.3-clusters included in the combined cluster samples and the local scaling relations fitted to this sample using different BCES fitting schemes in comparison to the relations derived by Pratt09 which were adopted for the evolution study in our work. 
